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I. INTRODUCTION
The high demand and need for renewable energy have triggered a vast exploration of potential materials for energy applications. Zinc oxide (ZnO) is a material of great interest because it is non-toxic, earth abundant, and relatively inexpensive. 1 ZnO has great potential for high power electronics, ultra violet optical devices, and transparent conductors for photovoltaic applications due to its wide bandgap of 3.3 eV. 2 Zinc sulfide (ZnS) is another wide bandgap semiconductor with a bandgap of 3.6-3.8 eV that is currently used in optoelectronic devices such as blue light-emitting diodes and nwindow layers for thin-film solar cells. 3 It has been found that alloying ZnO with ZnS allows the room-temperature bandgap of ZnO to be modified, 2,4-7 making it useful as a material for solar applications. [8] [9] [10] [11] Despite various reports on the growth of ZnO 1Àx S x alloys, only limited information is known about their electronic structures. 10 A better understanding of the band structure and offsets with other semiconductors is essential for device applications using these ZnO 1Àx S x alloys. One potential application for these ZnO 1Àx S x alloys is replacing the toxic cadium sulfide (CdS) buffer layer in copper indium gallium selenide (CIGS) and copper zinc tin sulfide (CZTS) solar cells. Various reports have replaced the CdS layer with ZnO 1Àx S x alloys, but not knowing the position of the conduction band has made it difficult to choose a composition for the best conduction band alignment. 11 ZnO 1Àx S x alloys can be classified as highly mismatched alloys (HMAs), semiconductor compounds where the anions are partially substituted with isovalent atoms of considerably different size and/or electronegativity. The electronic band structure of HMAs is well described by the band anticrossing (BAC) model that considers an interaction between localized states introduced by the minority anions and the extended states of the host conduction/valence band in the dilute alloy composition limit. Well-known HMAs that have been shown to follow the framework of the BAC model include GaN x As 1Àx , ZnO x Te 1À x, and ZnO 1Àx Se x . 12, 13 In this paper, we synthesized ZnO 1Àx S x alloys over the entire composition range and investigated their optical properties as well as the electronic band structures. The changes in optical properties of ZnO 1Àx S x are explained by the anticrossing interactions between localized foreign atoms and the extended conduction/valence band states of the ZnO/ZnS hosts. II. EXPERIMENTAL METHODS ZnO 1Àx S x alloy thin films were deposited on glass and sapphire substrates at 240 C using radio-frequency magnetron sputtering. Adjusting the sputtering power and targetsubstrate distance for two separate ZnO and ZnS targets controlled the alloy compositions of the films. The film thickness and composition were measured by Rutherford backscattering spectrometry (RBS) using a 3 MeV He 2þ ion beam. Film structure and crystallinity were studied by X-ray diffraction (XRD). The concentration of substitutional sulfur in ZnO (or oxygen in ZnS) was calculated from shifts in the XRD (0002) peak using a linear extrapolation of the lattice parameter between that of wurtzite ZnO (c ¼ 0.52 nm) and ZnS (c ¼ 0.626 nm) (Vegard's Law).
14 Note that this may be different from RBS results since RBS measures the total elemental composition in the films. Absorption coefficients (a) of the alloy films were obtained by transmission and reflection spectra measured over the photon energy range of 0.5-5.0 eV. The bandgaps of the dilute sulfur (oxygen) samples were determined by fitting the absorption coefficient spectra using the valence BAC (VBAC) 13 and the conduction BAC (CBAC) 15 model, respectively. Bandgaps of alloys with compositions in the range of 0.16 < x < 0.9 were estimated by the extrapolation of the square of absorption coefficient, a, assuming parabolic dispersion relations. O-rich samples with x < 0.27 were examined by X-ray photoelectron spectroscopy (XPS) in order to verify shifts in the valence-band maximum and to estimate the sulfur composition with the relative intensities between the Zn2p and S2p peaks. XPS spectra were measured using a monochromated Al K a X-ray source (h ¼ 1486.6 eV) with a hemispherical electron analyzer. XPS spectra were charge corrected to the adventitious C1s spectral component binding energy. 16 
III. RESULTS AND DISCUSSION
All films grown on glass were textured along the c axis and only the (0002) diffraction peak is visible in the XRD patterns. Figure 1 shows XRD (0002) diffraction peaks for select ZnO 1Àx S x films across the composition range. We note that ZnS exists in both zinc-blende and wurtzite structures. The structure of the S-rich films was not determined since the (111) zincblende peak coincides with the (0002) wurtzite peak of ZnS. Using grazing incidence phi scans Meyer et al. 4 reported a wurtzite structure for ZnO 1Àx S x films throughout the composition range. Because our ZnO 1Àx S x films were synthesized using a similar method, they likely crystallize in the wurtzite structure as well. The XRD results show a monotonic shift of the (0002) wurtzite ZnO reflection towards smaller 2h with increasing sulfur content. This indicates an increase of the lattice parameter of ZnO 1Àx S x as expected due to the substitution of larger S atoms with O. Using Vegard's law, the composition of the alloy can be determined.
The concentration of sulfur determined through RBS and XRD using Vegard's law are compared in Fig. 2 . The good agreement of alloy composition measured by XRD and RBS suggests that all the samples are, indeed, random alloys with S and O in the group VI sublattice. XPS was also used to estimate the surface concentration of sulfur. The XPS spectra for several samples in the binding energy range of the Zn and S 2p peaks are shown in Figs. 3(a) and 3(b), respectively. The intensity of Zn2p 3/2 and S2p 3/2 photoemission peaks was normalized with atomic cross sections. The surface sulfur content in the films (1-10 nm) was estimated from the relative intensity of the S2p peaks. The concentration of sulfur calculated from RBS, XRD, and XPS for a few samples are shown in Table I . The surface composition found through XPS differs by only a few percent from the composition found using RBS and XRD. This implies that the composition of a film is uniform throughout its thickness. Strain might be a reason why XRD values may be a few percent higher than RBS results. Previous results for ZnO 1Àx Se x showed that tensile strain in the films accounted for a þ3% difference in the Se composition determined using XRD compared to RBS. 17 Using RBS, the elemental composition of samples has an estimated accuracy of $1%. 18 Using XPS, an accuracy of 10% is typically quoted. 19 In order to characterize the effects of sulfur incorporation on the electronic structure of the ZnO xÀ1 S x alloys, valence-band spectra by XPS were collected for a range of compositions from pure ZnO to 0.27 sulfur as measured by RBS (see Fig. 4 ). The pure ZnO material has the top of the valence band composed of O2p states. The introduction of sulfur in the alloys causes a shift of the valence band closer to the Fermi level with increasing S concentration as well as a depression in the slope of the band edge. The surface sensitivity of XPS allows to relate the observed shifts to a common energy reference since the Fermi level at the surface of each sample is located at the Fermi Level stabilization energy (E FS ), $4.9 eV below vacuum level in all semiconductors. 20 Comparing the spectra measured for ZnO and the alloy films in Fig. 3(b) , one sees that S incorporation into the ZnO lattice increases the intensity of the S 2p peaks without any appreciable energy shift. The Zn2p peaks in Fig. 3(a) do not broaden or shift in energy for the samples measured, indicating that the upward shifting of the valence band is due to the incorporation of S and not defects. 21 Therefore, as the sulfur concentration increases, the density of states increases above the valence band (VB) of ZnO. 22 Since the conduction band (CB) minimum of ZnO is located close to E FS , the binding energy measured through XPS is close to the bandgap of ZnO.
The absorption spectra for samples with S <0.27 or O <0.11 films are shown in Fig. 5 . The incorporation of sulfur into the ZnO matrix results in a shift of the absorption edge from ultraviolet into the visible spectrum ( Fig. 5(a) ). Substituting S into the O sublattice in ZnO introduces a localized level close to the valence band edge of ZnO. The interaction of the localized S level with the extended valence-band states of ZnO results in VBAC effect when a significant amount of S atoms are incorporated into the lattice. When this occurs, the valence band splits into two subbands (E þ and E À ). On the other hand, incorporation of O into ZnS matrix leads to a red shift in the absorption edge ( Fig. 5(b) ). In this case, oxygen forms a localized level at $0.2 eV below the conduction band of ZnS, 23 resulting in CBAC, splitting the conduction band into two subbands (E þ and E À ). These anticrossing effects at the dilute S (dilute O) compositions produce narrow, non-parabolic S (O) derived bands with the total number of states dependent on the S (O) content. Hence, estimating the bandgap of these alloys using the conventional method of extrapolating a 2 to zero will result in significant error. Here, we adopt the procedure based on the BAC model previously used to fit absorption curves in ZnO 1Àx Se x and ZnO 1Àx Te x HMAs.
13, 24 The dispersion relations for the E þ and E À subbands are given by 4 . XPS valence band spectra for x < 0.27, the compositions listed were found through RBS. The arrow indicates the monoatomic upward shift in the valence band as sulfur content increases.
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where E d refers to the level of the localized states of the minority anion, EðkÞ corresponds to the dispersion relation of the band that is undergoing an anticrossing effect (i.e., valence band of ZnO or the conduction band of ZnS), C is the coupling parameter which represents the coupling strength between the localized and delocalized states, and x is the concentration of the minority substitutional anions.
A. Valence band anticrossing: Absorption fitting
As mentioned previously, the VBAC effect occurs when sulfur substitutes oxygen in the ZnO rich side. We adopt the simplified version of the VBAC 13 that represents the BAC model given by Equation (1) . In this case, E d ¼ E S is the energy of the localized S level above the ZnO valence band edge, E(k) ¼ E V (k) is the ZnO matrix valence band dispersion, C ¼ C VB is the coupling parameter, and x is the S composition. We take into consideration optical transitions from 3-fold degenerate valence bands including the spin orbit split off band to the conduction band with the spin orbit splitting energy of S. 25 Therefore, to calculate the absorption coefficient, we consider three optical transitions: the S derived band to conduction band [E þ (k)], the S spin orbit split band to conduction band [E þ SO (k)], and the heavy and light hole derived bands of the ZnO matrix to conduction band [E 2 (k)].
The optical joint-density of states (JDOS) were convolved with a Gaussian function at each wave vector, k, an approach used in Ref. 17 to account for the broadening in the bands. Therefore, the optical absorption coefficient from a single valence band, e.g., ½E þ ðkÞ, can be written as an integral of the JDOS with respect to k
where g þ ð hxÞ is in terms of the number of states per unit volume per unit frequency, E C (k) is the conduction band dispersion, the first term under the integral represents the fraction of the contribution of the delocalized states to the optical transition, where
and D þ is the broadening parameter. The limits of integration are from p a to À p a (in units of cm À1 ), which represents the first Brillion zone, where a is the lattice constant. The expression for the calculated total absorption coefficient includes the three transitions discussed above, with each transition weighted by their degeneracy factor
where a 0 is an overall scaling constant. The coupling parameter, C VB , scaling constant, a 0 ; and the localized S level, E S were found by fitting the absorption curve of the sample with the lowest sulfur content. This approach was used, since the highest anti-crossing interaction is expected at low sulfur content. These three values were kept constant for the remaining samples to find the broadening parameters for each transition (D þ , D À , D þSO ). The best-fit broadening parameters were found by minimizing the root mean square error between the experimental absorption curve and the calculated absorption. Figure 6 (a) shows the experimental result and the fitting of the absorption coefficient using the VBAC for the 0.04 sulfur film, which also shows the three optical transition contributions. These fittings were done for all the dilute sulfur samples and it was possible to extract the sulfur level, E S , of 0.30 eV above the valence band edge of ZnO and the coupling parameter, C VB of 0.60 eV. These values are consistent with previous reports on ZnO 1Àx Se x where the selenium level was found to be 0.90 eV above the ZnO valence band edge, and the coupling parameter was found to be 1.2 eV.
13, 26 Since the difference in electronegativity and ion size is smaller between sulfur and oxygen than the difference between selenium and oxygen, a smaller coupling parameter is expected. Using the coupling parameter, and the sulfur level, it was possible to calculate the band structure (Fig. 6(b) ) and determine the bandgap of the ZnO 1Àx S x alloys from the maximum of the E þ subband to the conduction band minimum. The observed upward shift of the VB edge is in a good qualitative agreement with the XPS data of Fig. 4 that clearly show an appearance of additional density of states above the VB edge of ZnO. This method for calculating the bandgap was used for samples with sulfur content less than 0.14.
B. Conduction band anticrossing: Absorption fitting
The CBAC effect was used to obtain the composition dependence of the bandgap for ZnO 1Àx S x samples with dilute amount of O substituting S. In this case, E d in Equation (1) is the energy of the localized O level E O , E(k) ¼ E c (k) is the ZnS matrix conduction band dispersion, C ¼ C CB is the coupling parameter, and x is the O composition. Here, we consider only two optical transitions: the valence band to the O derived band [E À (k)], and the valence band to the ZnS matrix derived band [E þ (k)]. Therefore, the expression for the calculated total absorption coefficient includes the two transitions discussed above, with each transition weighted by their degeneracy factor að hxÞ ¼ a 0 ½g þ ð hxÞ þ g À ð hxÞ;
where a 0 is an overall scaling constant. By fitting the experimental absorption coefficient using Equation (1), a coupling parameter C CB of 1.50 eV was obtained. Note that the coupling parameter reported here is 10% larger than the value of C CB ¼ 1.35 eV reported previously for dilute oxygen ZnO 1Àx S x alloys. 27 The location of the localized O level was fixed to E O ¼ 3.5 eV above the ZnS valence band as previously found in Ref. 23 . Figure 7(a) shows the experimental result and the fitting of the absorption coefficient using CBAC for the 0.02 oxygen film (0.98 sulfur), which also shows the two optical transition contributions. Figure  7 (b) shows the calculated band structure that was used to determine the bandgap of the ZnO 1Àx S x alloys from the valence band maximum to the E À subband minimum. This method for calculating the bandgap was used for samples with oxygen content less than 0.10 (sulfur content more than 0.90).
C. Bandgap dependence on composition
Using the values of E S , C VB , and C CB obtained in this work and the known E O value, we also calculated the dependence of the conduction band and valence band edges of the ZnO 1Àx S x alloys across the whole composition range. These calculations were performed using the compositional weighting method proposed in Ref. 28 and the results are shown in Fig. 8 . The BAC calculations show that the reduction in the band gap of O-and S-rich ZnO 1Àx S x films is due to the upward movement of the valence band and the downward movement of the conduction band, respectively.
In Fig. 8(b) , the bandgaps calculated from: (1) the absorption fitting using valence BAC for samples with sulfur x < 0.16 (green filled circles), (2) absorption fitting using conduction BAC for samples with x > 0.90 sulfur (green filled circles). The compositional weighting method is labeled as BAC since it utilizes the values E S , C VB , C CB , determined through the absorption fittings described earlier. The bandgaps found in this work are plotted alongside the experimental data found in Ref. 4 labeled as open black squares. It can be noted that in the dilute S region, the bandgaps reported in Ref. 4 deviate from the calculated BAC bandgap and the absorption fitting bandgaps. This indicates that using the standard method to determine the band gap from the extrapolation of a 2 leads to significant error due to the non-parabolic dispersion of the S-derived at dilute S contents. In the middle region, it is assumed that at higher sulfur content the S-derived band becomes more delocalized thus becoming more parabolic, making the standard method (a 
D. CdS layer replacement in thin-film solar cells
These ZnO 1Àx S x alloys are of interest as they offer a possibility to tune not only the band gap but also more importantly the valence band and conduction band edges, specifically through alloying. In Fig. 8(a) , the conductionband edge of CdS is illustrated showing that it lies between the conduction-band edge of ZnO and ZnS. Therefore, with alloying, it is possible to align the conduction band edge of a ZnO 1Àx S x alloy to that of CdS. From the calculated valenceband and conduction-band edges in Fig. 8(a) , we have determined that the composition of ZnO 1Àx S x for which its conduction-band edge aligns to that of CdS is x $ 0.75. ZnO 0.25 S 0.75 has a bandgap of $2.8 eV, the larger bandgap of this alloy compared to CdS (2.4 eV) will allow more light to penetrate the absorber layer that can lead to an increase in efficiency as more light energy can be converted into electricity. Replacing CdS in thin film solar cells is of interest due to the toxicity of cadmium, since cadmium is one of the most toxic metals. Cadmium containing solar cells currently have stringent recycling procedures for this matter. 29 
IV. CONCLUSIONS
ZnO x S 1Àx films were synthesized over the whole composition range using radio frequency magnetron sputtering. ZnO and ZnS are miscible and alloys from them are likely isocrystalline (wurtzite) for all compositions. The bandgap of ZnO 1Àx S x was tuned from 3.7 eV down to 2.6 eV, and the band anticrossing model explains these optical results. Fitting the absorption coefficient of this system, the coupling parameters and the S localized level within the ZnO band gap were found. These values were used to predict the energies of the conduction band and the valence band edges relative to the vacuum level. The conduction band of a 0.75 S film was found to align with the conduction band of CdS potentially enabling the ability to replace the toxic layer in thin film solar cells. Tuning of the conduction band for these alloys is advantageous for solar applications. 
